Background--Blood pressure is determined by the interactions between the heart and arterial properties, and subjects with identical blood pressure may have substantially different hemodynamic determinants. Whether arterial hemodynamic indices quantified by impedance cardiography (ICG), a simple operator-independent office procedure, independently predict all-cause mortality in adults from the general population, and specifically among those who do not meet criteria for American College of Cardiology/American Heart Association stage 2 hypertension, is currently unknown.
A rterial hemodynamic phenomena are increasingly recognized as important determinants of hypertensive target organ damage. Blood pressure (BP) is determined by interactions between the heart and arterial properties. Mean arterial pressure is the product of cardiac output and systemic vascular resistance (SVR), whereas pulse pressure results from the interaction between the stroke volume generated by the left ventricle (LV) and the biophysical properties of conduit arteries. [1] [2] [3] It follows that patients with identical BP may have substantially different hemodynamic patterns. An increased mean arterial pressure can result from an increase in cardiac output, SVR, or both. Furthermore, an increase in SVR may not be apparent by BP measurements alone in individuals with relatively low cardiac output. A similar phenomenon can occur with pulse pressure (a key determinant of systolic hypertension), which may be associated with multiple combinations of stroke volume and conduit artery compliance.
Impedance cardiography (ICG) is a simple, operatorindependent, noninvasive method that can approximate stroke volume, allowing for the assessment of cardiac output, systemic SVR, and the stroke volume/pulse pressure ratio (SV/PP; an index of total arterial compliance). [3] [4] [5] In addition, provide a new definition of hypertension and emphasize early detection and prevention as important objectives for clinical care and further research. Therefore, the identification of adults at increased risk for adverse outcomes, particularly those in earlier stages of the BP continuum, is an important goal. Despite its physiological significance, the value of ICG parameters for prediction of adverse outcomes in hypertensive and nonhypertensive adults in the general population has not been previously investigated.
We aimed to determine whether arterial hemodynamic indices quantified by ICG predict all-cause mortality in adults from the community and, specifically, among those who do not yet meet criteria for ACC/AHA stage 2 hypertension.
Methods
Data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
We studied 1639 adults aged 18 to 80 years enrolled in the PREVENCION (Estudio Peruano de Prevalencia de Enfermedades Cardiovasculares, for Peruvian Study of the Prevalence of Cardiovascular diseases) study. [8] [9] [10] [11] [12] [13] [14] PREVENCION is a study undertaken in Arequipa, the second largest city in Peru, which occurred in 2 phases: the first phase, which focused on population-based prevalence estimates of cardiovascular disease/risk factors, and the second phase, which focused on increasing the sample size for prospective analyses regarding the relationship between baseline cardiovascular phenotypes and mortality. Further details regarding the sampling strategy are presented in the Supporting Information (Data S1). The Santa Maria Catholic University Human Research Committee approved all study procedures. All subjects signed a written informed consent. ICG was implemented after enrollment in the parent study had been initiated; therefore, this analysis included a subset of participants, as detailed in the Supporting Information Methods section (Data S1) and Table S1 . Subjects with congestive heart failure (n=22) were excluded from this analysis, given that we aimed to assess the value of ICG to detect subclinical changes in ventricular and arterial function.
BP and Biochemical Measurements
As previously described, 8, 9 BP was measured between 7:00 and 10:00 AM using a mercury sphygmomanometer with the auscultatory method, according to recommendations from the seventh report of the Joint National Committee for the Diagnosis, Evaluation, and Treatment of High BP. 15 Venous blood was obtained after at least 8 hours of fasting. Total cholesterol, glucose, and triglycerides were measured in serum using enzymatic automated methods (Cobas Mira analyzer; Roche, Basel, Switzerland). Low-density lipoprotein-cholesterol and high-density lipoprotein-cholesterol were measured by direct methods using the same analyzer. Diabetes mellitus was defined as fasting blood
Clinical Perspective
What Is New?
• Hemodynamic parameters measured by impedance cardiography (a simple office-based operator-independent noninvasive procedure) predict mortality in the general population, even after adjustment for multiple confounders and blood pressure.
• Among subjects without stage 2 hypertension, indices of cardiac contractility measured by impedance cardiography are independently predictive of death and identify a proportion (1 in 4 adults without stage 2 hypertension) that demonstrate a high 10-year mortality risk, similar to that of stage 2 hypertensives.
What Are the Clinical Implications?
• Parameters measured by impedance cardiography (total arterial compliance index and indices of cardiac contractility) predict mortality in the general population, even after adjustment for multiple confounders and blood pressure.
• Subjects without stage 2 hypertension who demonstrate abnormal impedance cardiography indices of cardiac contractility represent a large subpopulation could benefit from more-aggressive or earlier interventions, which should be addressed in future studies.
glucose ≥126 mg/dL or pharmacological treatment with glucose-lowering drugs. Glomerular filtration rate was estimated with the Modification of Diet in Renal Disease equation. 16 
Hemodynamic Assessments
As further described in the Supporting Information, ICG assessments were performed between 7:00 and 10 :00AM after a resting period of at least 5 minutes with a BioZ ICG device (CardioDynamics, San Diego, CA), which utilizes validated algorithms for estimation of stroke volume and cardiac output. 17 Four dual ICG sensors were placed on the subject, 2 above the base of the neck and just below each ear and 1 on either side of the thorax in the midaxillary line at the level of the xiphoid process ( Figure 1 ). ICG provides measures of cardiac function (cardiac output, cardiac index, stroke volume, and stroke volume index), in addition to indices of LV chamber contractility (velocity index, acceleration index, pre-ejection period, LV ejection time, and the systolic time ratio [ie, pre-ejection period divided by LV ejection time]). 3, 4 The definition of these indices and the units of measurement are shown in Table S2 .
Assessment of 10-Year All-Cause Mortality
All-cause mortality was ascertained by review of the national death registry, a government-run centralized electronic database of death record information.
Statistical Analysis
We assessed the general clinical characteristics of the study sample, including hemodynamic parameters measured by ICG, according to hypertension stage. We used chi-square tests for categorical variables and ANOVA for continuous variables, with post-hoc pair-wise comparisons with Bonferroni correction for alpha error. Log transformation was done, when appropriate, to improve normality in the distribution of values. Prognostic value of various parameters was assessed using Cox (proportional hazards) regression. We obtained standardized hazard ratios (HRs) and 95% confidence intervals (CIs), which represent the relative risk per 1-SD increase in the predictor, allowing for a more-direct comparison between the various predictors. Our study had 85% power to detect significant associations for which a standardized effect size of 0.24 (corresponding to standardized HRs >1.10 or <0.91), at a=0.05. Statistical significance was defined as a 2-tailed P<0.05. Statistical analyses were performed using the Matlab statistics and machine learning toolbox (The Mathworks, Inc, Natwick, MA) and SPSS for Windows (v22; SPSS, Inc, Chicago, IL). Table 1 shows the general characteristics of the study population. The sample consisted of 704 subjects without Velocity index describes the maximum deflection of the first derivative of the Z waveform, shown as the dZ/ dt waveform (arrow). For reference, the ECG tracing is also shown. Landmarks in the ICG waveform can be used to identify the time of aortic valve opening and closure and therefore the ejection time. The ECG can then be used to compute the pre-ejection time (LVET) and the systolic time ratio (PEP/LVET). ICG indicates impedance cardiography; LVET, left ventricle ejection time; PEP, pre-ejection period.
Results
hypertension, 471 subjects with ACC/AHA stage 1-hypertension, and 464 subjects with ACC/AHA stage 2-hypertension (total=1639). There was a progressive increase in age, body mass index, total cholesterol,lowdensity lipoprotein-cholesterol, fasting glucose, and prevalence of diabetes mellitus and impaired fasting glucose, from nonhypertension to stage 2 hypertension, with a progressive decrease in estimated glomerular filtration rate. Serum triglycerides were lower in nonhypertensive subjects compared with either stage 1 or 2 hypertension. Table 2 shows a comparison of ICG parameters between subjects without hypertension and those with ACC/AHA stage 1 and 2 hypertension. Stage 2 hypertension, but not stage 1 hypertension, was associated with an increase in heart rate and a reduction in stroke volume, stroke volume index, and cardiac index compared with subjects without hypertension. In contrast, SVR, SVR index, total arterial compliance (TAC), and TAC index (measures of resistive and pulsatile arterial properties) progressively increased from nonhypertension to stage 2 hypertension. Similarly, measures of cardiac contractility (velocity index and acceleration index) and the systolic time ratio (pre-ejection period/LV ejection time) progressively decreased from nonhypertension to stage 2 hypertension. Very similar results were observed when subjects taking antihypertensive medications were excluded from the analysis (Table S3) . 
ICG Patterns in Hypertension Groups

ICG Parameters as Predictors of Mortality in Nonadjusted Analyses
There were 156 deaths during a mean follow-up of 10.9 years. Figure S1 shows 10-year Kaplan-Meier survival curves for quartiles of these ICG parameters.
Other predictors of included a lower stroke volume (standardized HR=0.62; 95% CI=0.53-0.73; P<0.0001), a lower stroke volume index (standardized HR=0.62; 95% CI=0.53-0.73; P<0.0001), a lower cardiac output (standardized HR=0.69; 95% CI=0.59-0.80; P<0.0001), a lower cardiac index (standardized HR=0.69; 95% CI=0.60-0.79; P<0.0001), a lower pre-ejection period (standardized HR=0.73; 95% CI=0.61-0.87; P=0.0007), and a lower systolic time ratio (standardized HR=0.79; 95% CI=0.66-0.95; P=0.011). In contrast, greater SVR (standardized HR=1.52; 95% CI=1.39-1.67; P<0.0001), SVR index (standardized HR=1.52; 95% CI=1.38-1.68; P<0.0001), heart rate (standardized HR=1.20; 95% CI=1.04-1.39; P=0.014), and BP (particularly systolic and pulse pressure) were associated with increased mortality.
Of note, the inverse of the standardized HR for TAC index (risk associated with a 1-SD reduction in the value) was significantly greater (2.63; 95% CI=2.17-3.23) and did not overlap with the standardized HR for pulse pressure (1.79; 95% CI=1.60-2.01), indicating that knowledge of stroke volume in conjunction with pulse pressure provides greater risk stratification than that provided by pulse pressure alone. Figure 2 presents results of adjusted Cox models assessing ICG parameters are predictors of mortality. In models adjusted for age, sex, body mass index, low-density lipoprotein-cholesterol, high-density lipoprotein-cholesterol, triglycerides, fasting plasma glucose, diabetes mellitus, serum creatinine, and smoking history (Figure 2 , middle panel), significant independent predictors of death included stroke volume, stroke volume index, TAC and TAC index, and CI=0.49-0.98; P=0.038), as well as longer pre-ejection and ejection periods and higher heart rate, were associated with increased mortality. Figure S1 shows Kaplan-Meier survival curves for quartiles of velocity index, acceleration index, and TAC and TAC index.
ICG Parameters as Independent Predictors of Mortality
ICG for Risk Stratification Among Subjects Without ACC/AHA Stage 2 Hypertension
Among subjects without stage 2 hypertension, there were 75 deaths. Table S4 presents results of nonadjusted and adjusted Cox models assessing ICG parameters as predictors of mortality in subjects without ACC/AHA stage 2 hypertension (ie, those with either normal BP, elevated BP, or ACC/ AHA stage 1 hypertension). In unadjusted analyses, all ICG parameters were predictive of all-cause death, including stroke volume, stroke volume index, cardiac output, cardiac index, SVR and SVR index, TAC and compliance index, as well as the systolic time ratio, pre-ejection period, and ejection time. The strongest predictors of death in unadjusted models were indices of cardiac contractility: velocity index (standardized HR=0.32; 95% CI=0.23-0.44; P<0.0001) and acceleration index (standardized HR=0.31; 95% CI=0.22-0.44; P<0.0001). In models adjusted for age, sex, body mass index, low-density lipoprotein-cholesterol, high-density lipoprotein-cholesterol, triglycerides, fasting plasma glucose, diabetes mellitus, serum creatinine and smoking history, velocity index (standardized HR=0.61; 95% CI=0.42-0.88; P=0.0008) and acceleration index (standardized HR=0.62; 95% CI=0.41-0.94; P=0.023), and well as the systolic time ratio and pre-ejection period, were independent predictors of death. Further adjustment for systolic and diastolic BP did not appreciably attenuate these relationships (Table S4) . Figure 3 shows 10-year Kaplan-Meier survival curves for quartiles of acceleration index and velocity index among subjects without ACC/AHA stage 2 hypertension in the sample. Superimposed on those curves is the Kaplan-Meier survival curve for subjects with ACC/AHA stage 2 hypertension (blue curve). As can be appreciated, subjects who were not classified as stage 2 hypertension who were in the lower quartile of velocity index and acceleration index demonstrated survival curves comparable with that of stage 2 hypertensive subjects.
Discussion
We report that hemodynamic indices of arterial and cardiac function quantified by ICG, an easily applicable, operatorindependent, noninvasive technique, independently predict 10-year all-cause mortality in adults from the community. The strongest predictors of mortality were TAC (which reflects conduit artery compliance/stiffness) and subclinical indices of cardiac contractility (velocity index and acceleration index). We further demonstrate that ICG identifies an important proportion (25%) of individuals without stage 2 hypertension that exhibit a high 10-year mortality risk, similar to that of stage 2 hypertensives. Our findings have implications for our understanding of the role of ventricular-arterial function as a prognostic factor in the general population. BP is determined by the interaction between the LV and the load imposed by systemic arteries (arterial load). There are 2 broad components of arterial pressure: mean arterial pressure, which is, in turn, determined by cardiac output and total peripheral resistance (provided largely by the microcirculation), and pulsatile changes around mean pressure, which depend on the interaction between LV ejection and the pulsatile input impedance of the systemic vasculature. The resistive component of arterial load can be computed simply as the ratio of mean arterial pressure/cardiac output. Pulsatile load is complex, time varying, and best assessed with detailed modeling of aortic pressure-flow relations. 2, 18, 19 A readily available index of pulsatile arterial load, mainly related to TAC, is the ratio of SV/PP.
Previous studies have identified relationships between the ratio of echocardiographic SV/PP and cardiovascular events in populations with stage 2 hypertension, diabetes mellitus, or in elderly men. [20] [21] [22] [23] In 1 study, TAC assessed by echocardiography did not predict mortality in a primary prevention clinical setting, although only 42 deaths occurred in that cohort. 24 To our knowledge, only 1 study has assessed the relationship between SV/PP and incident risk in the general Figure 3 . Kaplan-Meier survival curves for quartiles of acceleration index and velocity index among subjects without ACC/AHA stage 2 hypertension (red curves). Superimposed on these curves is the Kaplan-Meier survival curve for subjects with ACC/AHA stage 2 hypertension (blue curve). ACC indicates American College of Cardiology; AHA, American Heart Association.
population. 25 Lilly et al reported a significant relationship between SV/PP (where SV was measured with cardiac magnetic resonance imaging) and cardiovascular events in the MESA [Multiethnic Study of Atherosclerosis]). Our study is the first to assess the value of SV/PP measured by ICG, a simple, inexpensive, and operator-independent technique, to predict all-cause mortality in the general population. We demonstrate that greater total SV/PP ratio and SVR were independently associated with all-cause death, independently of BP. Our findings support the concept that alternations in the biophysical properties of conduit vessels are independently related to the risk of all-cause death. Our findings are also consistent with previous studies demonstrating that increased carotid-femoral pulse wave velocity (a measure of aortic wall stiffness) is predictive of cardiovascular events and mortality in healthy and at-risk populations. 26 However, we note that SV/PP and carotid-femoral pulse wave velocity are not interchangeable. SV/PP is dependent on the compliance of the entire arterial tree, which is dependent on arterial wall stiffness and arterial size and is composed of variable contributions from both large and muscular arteries. [1] [2] [3] Our data also indicate that SV/PP is a more-robust predictor of mortality than SVR, given that, in contrast to SV/PP, the latter did not remain a significant independent predictor of death in subjects without established stage 2 hypertension.
Subclinical Cardiac Dysfunction and Mortality
We demonstrate that ICG parameters of cardiac contractility are independently predictive of all-cause death in subjects from the general population. Impaired LV contractility may increase mortality through several pathways, including progression to heart failure or sudden cardiac death. In addition, abnormal LV contractility could indicate the presence of underlying subclinical coronary artery disease or genetic polymorphisms that confer an increased risk of death. Whereas our study is the first to assess ICG parameters as predictors of mortality, few previous studies assessed the prognostic value of LV function assessed with cardiac imaging. In unselected adults from the community, subclinical LV dysfunction assessed with echocardiography has been shown to predict mortality in some, but not all, studies. In the Rotterdam Study, myocardial contractility assessed with echocardiography did not show an independent association with all-cause mortality. 27 However, a more-recent analysis in the same cohort showed that a lower fractional shortening was associated with an increased risk of sudden cardiac death. 28 Furthermore, subclinical abnormalities in LV function assessed by echocardiography have been shown to predict all-cause death in the Framingham Heart Study 29 and among Olmsted County residents. 30 Similarly, regional myocardial dysfunction detected by echocardiography predicted cardiovascular death in the Strong Heart Study, 31 whereas regional myocardial dysfunction measured with cardiac magnetic resonance imaging predicted coronary artery diseaserelated death in the MESA cohort. 32 Whereas these previous studies are valuable, the application of noninvasive imaging is limited by cost and widespread availability. ICG, on the other hand, is a quick, simple, inexpensive, operator-independent office-based procedure, which, in principle, carries a cost and complexity similar to a 12-lead ECG. This is an obvious advantage for the assessment of cardiovascular risk in the general population, including high-and low-resource settings.
Strengths and Limitations
Our study should be interpreted in the context of its strengths and limitations. Strengths of our study include the large, population-based sample inclusive of subjects from a wide age range and the prospective design with long-term mortality data. In addition to pathophysiological insights regarding the importance of ventricular and arterial function as predictors of death, our study demonstrates the value of a very easily applicable technique, which can be widely utilized in office settings. Our study also has limitations. We did not assess nonfatal events. We ascertained death from the National Death Index and thus were unable to adjudicate cause of death and assess disease-specific mortality. This will be a focus of future studies. We did not compare the predictive value of ICG with that of noninvasive imaging (such as echocardiography or cardiac magnetic resonance imaging). We did not assess whether ICG predicts mortality independent of other subclinical measures of target organ damage, such as microalbuminuria. We only assessed resting hemodynamic indices in the office, which may not represent 24-hour patterns. BP among subjects with stage 1 and 2 hypertension, according to the new guidelines, were found to be lower than those recently reported in the US population, 33 and thus our results may not extrapolate to the US population. It is also important to note that our findings using the BioZ ICG device may not be directly extrapolated to other ICG devices that utilize different hardware and/or processing algorithms, and that devicespecific validation for hemodynamic measurements is required. Finally, whereas ICG parameters were found to be independently predictive of 10-year all-cause death, its incorporation into multivariable risk scores was not assessed in the present study and should be the focus of future studies.
In conclusion, our study demonstrates that hemodynamic patterns identified by ICG independently predict all-cause mortality in the general population. Predictive value of ICG applies even in the absence of ACC/AHA stage 2 hypertension and identifies high-risk individuals who are in earlier stages of the hypertension continuum. ICG may be useful to identify candidates for earlier and/or more-aggressive therapeutic interventions in high-risk individuals. This strategy should be addressed in future studies.
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SUPPLEMENTAL MATERIAL Data S1. Supplemental Methods
Sampling strategy
PREVENCION (acronym for Estudio Peruano de Prevalencia de Enfermedades
Cardiovasculares y Factores de Riesgo Coronario) is a study undertaken in Arequipa, the second largest city in Peru. The first phase of PREVENCION was designed to determine the populationbased prevalence of cardiovascular disease and cardiovascular risk factors. The sampling frame was based on the most recent population and household National Census at the time of study initiation. The sampling strategy was probabilistic, multistage, clustered and stratified according to geographic location and socioeconomic status. We aimed to enroll a minimum total of 1600 subjects with at least 200 subjects per sex in each pre-defined age group (20-34, 35-49, 50-64, and 65-80 years) to increase statistical power for age-group comparisons. This was achieved through deliberate oversampling of subjects aged >65 years to improve the precision of estimates in these groups. The first phase sample consisted of 1878 individuals (867 men and 1011 women). Following initial contact with participants, informed consent was obtained and a comprehensive evaluation was performed at the study headquarters. [8] [9] [10] [11] [12] [13] [14] . Further details regarding the main objectives, design and sampling strategy have been previously described. 8 In contrast to the first phase of the study, which aimed to obtain precise estimates of the age and sex-stratified, weighted prevalence estimates of cardiovascular disease and cardiovascular risk factors, the second phase of the study was designed to increase the sample size, in order to achieve greater statistical power for assessments related to the relationship between cardiovascular phenotypes obtained at baseline and mortality. In the second phase of the study, 631 first-degree relatives of the first phase participants were invited to attend the study headquarters for a clinical and phenotypic evaluation that was similar to that implemented in the first-phase study participants.
Impedance Cardiography (ICG) was implemented after enrollment in the parent study had been initiated; therefore, this analysis included a subset of phase 1 and phase 2 participants, as detailed in the supplemental section All subjects signed a written informed consent. Subjects with a congestive heart failure (n=22) were excluded from this analysis, given that we aimed to assess the value of ICG to detect subclinical changes in ventricular and arterial function. Table S2 presents a table that compares subjects with vs. without ICG data (excluding those with prevalent heart failure, as per our exclusion criteria for this analysis). As shown, subjects included in this sub-study were older (mean age 49 vs. 42.6 years) and demonstrated a slightly greater prevalence of various cardiovascular risk factors.
Blood pressure measurements
As previously described, 8, 9 blood pressure was measured between 7 AM and 10 AM using a mercury sphygmomanometer after a resting period of at least 5 minutes, with the auscultatory method, according to recommendations from the seventh report of the Joint National Committee for the diagnosis, evaluation and treatment of high BP. 15 The cuff was placed on the participant's dominant arm and inflated in 10 mm Hg increments until the cuff pressure was 30 mm Hg above the level at which the radial pulse disappeared. At least 2 measurements were performed in each of 2 separate days, and a final mean value was obtained for systolic and diastolic BP.
Baseline biochemical measurements
Samples of venous blood were obtained after at least 8 h of fast and serum was used for biochemical measurements. Total cholesterol, serum glucose and triglycerides were measured enzymatically by automated methods using a clinical Cobas Mira analyzer (Roche, Basel, Switzerland). Direct measurements of LDL-cholesterol and HDL-cholesterol were performed using the same analyzer. Diabetes mellitus was defined as fasting blood glucose ≥126 mg/dL or pharmacological treatment with glucose-lowering drugs. Glomerular filtration rate was estimated with the Modification of Diet in Renal Disease (MDRD) equation.
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Hemodynamic assessments
Assessments were performed between 7-10 AM, with participants seated after a resting period of at least 5 minutes. ICG applies Ohm's relationship to the thorax to allow changes in voltage and impedance to be translated into hemodynamic parameters of cardiac function. 3, 4 Since blood is a much stronger conductor of current than the surrounding thoracic tissues, variations in blood volume in the thoracic great vessels results in a measurable change in impedance, which allows calculation of stroke volume, as described in detail in previous publications. 3, 4 We utilized the BioZ ICG device (CardioDynamics, San Diego, CA) for hemodynamic recordings, with validated methods for estimation of stroke volume and cardiac output. Table S2 . Figure S1 . Kaplan-Meier survival curves for quartiles of velocity index, acceleration index, total arterial compliance and total arterial compliance index. 
